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ABSTRACT
Disk polarization in (sub)millimeter dust continuum is a rapidly growing field in the
ALMA era. It opens up the exciting possibility of detecting and characterizing mag-
netic fields and grain growth in disks around young stellar objects. However, to use
polarization for probing the disk properties, its production mechanism must be as-
certained first. To date, the conventional mechanism involving magnetically aligned
grains fails to explain the polarization patterns detected in most disks. This is espe-
cially true for the inclined disk of HL Tau in ALMA Band 3 (wavelength ∼ 3 mm),
which has an elliptical polarization pattern. The elliptical pattern was taken as evi-
dence for polarized emission by dust grains aligned with their long axes perpendicular
the direction of the radiative flux. We show that the radiatively aligned grains produce
a circular, rather than elliptical, polarization pattern even in inclined disks such as
HL Tau. An elliptical polarization pattern can be produced if the grains are aligned
aerodynamically by the difference in rotation speed between the dust and gas through
the Gold mechanism. However, a strong azimuthal variation in polarized intensity is
expected for both the radiative and aerodynamic alignment, but not observed in the
HL Tau disk in ALMA Band 3. We conclude that neither of these two mechanisms
alone can explain the data and the origin of the 3 mm polarization remains a mys-
tery. We speculate that this mystery may be resolved by a combination of both direct
emission and scattering by aerodynamically aligned grains.
Key words: polarization - protoplanetary discs
1 INTRODUCTION
The magnetic field is thought be one of the main
drivers of the dynamics and evolution of protoplanetary
disks, through either magnetic-rotational instability (MRI;
Balbus & Hawley 1991) or magnetic disk wind (Blandford
& Payne 1982; Turner et al. 2014). Obtaining firm observa-
tional evidence for the magnetic field is therefore one of the
most sought-after goals of disk research. One of the most
widely used methods for probing magnetic fields is through
polarization of thermal dust emission, based on the theory of
magnetic alignment of dust grains (Davis & Greenstein 1951;
Purcell 1979; Dolginov & Mitrofanov 1976; Hoang et al.
? E-mail: yanghaifeng@tsinghua.edu.cn
† C. N. Yang Junior Fellow
2018; see Lazarian 2007 and Andersson et al. 2015 for re-
cent reviews). This method has been applied successfully to
a wide range of scales, from molecular clouds (∼pc or larger;
e.g., Planck Collaboration et al. 2015; Fissel et al. 2016) to
protostellar envelopes (∼ 100 ∼ 1000 AU; e.g., Girart et al.
2006; Stephens et al. 2013; Hull et al. 2014; Cox et al. 2018).
On the disk scale (. 100 AU), evidence for the mag-
netic field has been difficult to obtain from the polarized
dust emission. The first spatially resolved polarization in a T
Tauri disk was detected in HL Tau through 1.3 mm observa-
tions from the Combined Array for Research in Millimeter-
wave Astronomy (CARMA; Stephens et al. 2014). It shows
a roughly uniform polarization pattern along the disk mi-
nor direction which, if interpreted as coming from mag-
netically aligned grains, would imply an uni-direction mag-
netic field along the major axis, which is unexpected for
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a rotating disk. Soon after the appearance of the theory
of (sub)millimeter polarization through dust self-scattering
(Kataoka et al. 2015), it became clear that the CARMA ob-
served pattern in HL Tau is more consistent with scattering-
induced polarization in an inclined disk (Yang et al. 2016a;
Kataoka et al. 2016) than that produced by grains aligned
by the widely expected toroidal magnetic fields, although
grain alignment with more complex magnetic fields cannot
be ruled out (Stephens et al. 2014; Matsakos et al. 2016;
see also Alves et al. 2018 for the case of BHB07-11). With
polarimetric observations by the Atacama Large Millime-
ter/submillimeter Array (ALMA), spatially resolved polar-
ization has been detected in an increasing number of circum-
stellar disks, especially at ALMA Band 7/6 (0.87 mm/1.3
mm). To date, the majority of the observed patterns are con-
sistent with that from self-scattering, e.g., HL Tau (Stephens
et al. 2017, Band 7), IM Lup (Hull et al. 2018 Band 7), IRS
63 (Sadovoy et al. in prep, Band 6), HH212 (Lee et al. 2018;
Band 7), and HH80/81 (Girart et al. 2018, Band 6).
Besides magnetically aligned grains and dust self-
scattering, there are other mechanisms for producing mil-
limeter/submillimeter polarization. One of such mecha-
nisms, radiative alignment, was recently proposed by Tazaki
et al. (2017), based on the earlier work by Lazarian & Hoang
(2007a). Within the framework of grain alignment by ra-
diative torque, radiative alignment could happen when the
magnetic field is weak. In this case, grains will align with
their long axes perpendicular to the local radiation flux, or
the direction of the local radiation anisotropy, rather than
the magnetic field. The mechanisms of radiative alignment
and dust self-scattering have in common that they both
rely on the anisotropy in the radiation field incident on
the dust grain to produce polarization. Nevertheless, they
have different dependence on wavelength and disk orienta-
tion, which makes them distinguishable, especially through
multi-wavelength polarization observations and in disks with
extreme inclinations (i.e., edge-on).
To date, the strongest support for the mechanism of ra-
diative alignment proposed by Tazaki et al. (2017) comes
from the well-resolved polarization pattern detected in HL
Tau by ALMA in Band 3 (∼ 3 mm; Kataoka et al. 2017;
reproduced in Fig. 1a). It has a broadly azimuthal pattern
that is very different from the more or less uni-directional
pattern detected in Band 7 (∼ 0.87 mm; Stephens et al.
2017; reproduced in Fig. 1b); the latter is a textbook exam-
ple of what the scattering-induced polarization should look
like in an inclined disk (Yang et al. 2016a; Kataoka et al.
2016). Since the grains responsible for the Band 7 polariza-
tion would not produce any detectable polarization through
scattering in Band 3 (because the scattering cross-section
drops rapidly with wavelength in the Rayleigh limit), it is
natural for Kataoka et al. (2017) to attribute the Band 3 po-
larization to radiative alignment rather than scattering; the
conventional interpretation involving magnetically aligned
grains would imply a magnetic field that is mostly radial
in the disk plane, which is unlikely in a differentially ro-
tating disk). More importantly, since the radiative flux in
an axisymmetric disk is in the radial direction, the radia-
tively aligned grains are expected to have their long axes in
the azimuthal direction in the disk plane, which is thought
to produce a polarization pattern in the plane of the sky
broadly resembling the observed pattern.
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Figure 1. HL Tau disk polarization detected by ALMA in Band
3 (panel a) and Band 7 (b). The panels are adopted from Kataoka
et al. (2017) and Stephens et al. (2017), respectively. Plotted
are the polarization orientations (line segments with the same
length independent of the polarization fraction, E-vectors), po-
larized flux (color map) and total flux (contours).
In this paper, we show that there are two problems with
the interpretation of the HL Tau Band 3 polarization coming
from radiative alignment. For one, the Band 3 data do not
follow exactly the polarization orientations expected from
radiative alignment. The second, more severe problem is that
the radiative alignment mechanism predicts a well-defined
azimuthal variation in polarized intensity that is inconsistent
with the data. In the rest of the paper, we will discuss these
two problems quantitatively.
The problem with polarization orientation is discussed
in Sec. 2, and that with azimuthal variation in polarized
intensity is addressed in Sec. 3. We find that the elliptical
polarization orientation can be better explained by the Gold
(1952) mechanism of grain alignment (which we will refer to
as “aerodynamic alignment” hereafter, since it relies on the
aerodynamic interaction between the gas and dust as they
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orbit the central star at different speeds1) than by radia-
tive alignment and that both alignment mechanisms are ex-
pected to produce pronounced azimuthal variation in polar-
ized intensity that should be easily observable. We compute
the expected ALMA Band 3 polarization patterns for HL
Tau disk based on the radiative and aerodynamic alignment
mechanisms taking into account of the finite telescope beam,
and compare them with the observational data in Sec. 4.
We find that both mechanisms fail to match the polariza-
tion data and are thus disfavored. In Sec. 4.3, we stress the
importance of taking into account beam-averaging in com-
paring model predictions and observational data and explore
plausible ways to improve the model predictions. Additional
challenges of aligned grain models in explaining the multi-
wavelength observations of the HL Tau disk are briefly dis-
cussed. Our main results are summarized in Sec. 5.
2 POLARIZATION ORIENTATION
2.1 Polarization pattern from radiative alignment
in an inclined disk is circular, not elliptical
A major reason that the HL Tau polarization in ALMA
Band 3 was attributed to radiative alignment was that the
polarization vectors appear to follow the elliptical contours
of constant brightness (which are the circles of constant dust
emission in the disk plane projected onto the sky plane; see
Fig. 1a) and the radiative alignment was thought to pro-
duce such an elliptical pattern (see Fig. 3b of Kataoka et al.
2017). The expectation would be true if the grains have their
shortest axes aligned by radiative flux along the radial di-
rection in the disk plane and their longest axes staying in
the disk plane (i.e., parallel to the local tangent of the circle
in the disk plane that passes through the grain). In such a
case, the long axes of the grains projected in the sky plane
would still be aligned with the tangents to the circles pro-
jected to the sky plane (i.e., the ellipses), as illustrated by
the solid line segments in the left panel of Fig. 2. An intuitive
way to visualize the situation is to imagine the extreme case
where needle-like grains are aligned along circles in the disk
plane. When viewed at an inclination rather than face-on,
the “needles” would remain “painted” on the circles, which
now become the ellipses in the sky plane, producing an el-
liptical pattern.
However, this is not what happens in the case of ra-
diative alignment. Even though the shortest axes of the ra-
diatively aligned grains are expected to be in the radial di-
rection in the disk plane, their longest axes will not stay
in the disk plane because of the spin around their shortest
axes2. The net effect is that the radiatively aligned grains
are effectively oblate (due to spin or ensemble average), with
their shortest axis (which is also the symmetry axis for the
effectively oblate shape) in the radial direction. In this case,
1 We ignore the drift of the dust particles relative to the gas in
the radial direction, which is typically slower than that in the
azimuthal direction, as long as the Stokes number of the grains is
not close to unity.
2 Even in the absence of any spin, the longest axes would be
distributed randomly in the plane perpendicular to the radial
direction.
Elliptical Pattern Circular Pattern
Figure 2. Elliptical vs circular polarization pattern. The red solid
line segments are for polarization orientations, and green dashed
line segments for the direction of the required radiative flux pro-
jected into the sky plane in the case of radiative alignment.
the short axis of the projected grain shape in the sky plane
remains aligned with a radial line that passes through the
center (see the green dashed line segments in the right panel
of Fig. 2 for illustration). To visualize the situation better,
it is again helpful to go to the extreme case, where the effec-
tively oblate grains are infinitely thin “disks” (or “flakes”). In
this case, it is easy to show that, when projected to the sky
plane, the “disks” become “ellipses” with their short axes
along the radial direction in the sky plane and long axes
perpendicular to the radial direction, producing a circular
polarization pattern as illustrated by the red solid line seg-
ments in the right panel of Fig. 2. This is consistent with the
well-known result of the polarization orientation from mag-
netically aligned grains in (optically thin) molecular clouds,
which is always perpendicular to the B-field component in
the sky plane (e.g., Andersson et al. 2015). If the elliptical
pattern shown in the left panel of Fig.1 were to be produced
by radiatively aligned grains (as previously envisioned, see
Kataoka et al. 2017), the radiative flux would have to be
oriented in such directions that, when projected into the
sky plane, follow the green dashed lines, which would not
go through the center (and thus not in the radial direction),
contradicting the expectation in an axisymmetric disk.
2.2 Aerodynamic alignment can produce elliptical
polarization pattern
Besides alignment by radiation field, grains can also be
aligned aerodynamically when moving relative to the ambi-
ent gas (Gold 1952; Lazarian 1995). This is a possibility in
circumstellar disks where the gas and dust orbit the central
object at different speeds because the former experiences
the gas pressure gradient directly but the latter does not.
In the simplest case where the gas pressure increases radi-
ally inward, the gas would rotate at a sub-Keplerian speed
because of the partial pressure support against the stellar
gravity. Dust grains would rotate faster, and thus experienc-
ing a “head-wind”3. The relative speed between the gas and
3 It is also possible for the gas pressure to decrease radially in-
ward, such as near the inner edge of a dense ring. In this case, the
gas would rotate faster than the dust, again creating a relative
motion between the two that is conducive to aerodynamic grain
alignment.
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dust depends on several factors, particularly the gas den-
sity, grain sizes, and especially the relative speed between
the dust and gas. In particular, efficient grain alignment
through this mechanism may require a supersonic relative
motion (e.g., Hoang & Lazarian 2014), which may be diffi-
cult to achieve in a relatively quiescent protoplanetary disk.
Whether the mechanism can align the grains emitting in
the ALMA Bands or not remains to be determined; we will
postpone a detailed treatment of this mechanism to a future
investigation. In what follows, we will argue that the polar-
ization pattern expected from this mechanism is elliptical
rather than circular, unlike the case of radiative alignment.
The aerodynamically aligned grains are expected to
have their longest axes along the “streaming direction”, the
direction of the relative movement between the gas and dust,
which is in the azimuthal direction in the disk plane. If the
grains precess rapidly around the streaming direction, they
would have an “effective” prolate shape. Even in the absence
of any precession, ensemble-averaging of a large number of
grains with their long axes preferentially aligned along the
same (streaming) direction would also yield an “effective”
prolate shape. As discussed earlier in § 2.1, prolate grains
with their long axes aligned along the azimuthal direction
in the disk plane produce an elliptical rather than circular
polarization pattern in the sky plane. Again, this can be
visualized most easily in the extreme case of “needle-like”
grains.
2.3 Differences between circular and elliptical
patterns
In this subsection, we quantify the expected difference
in polarization orientation between the elliptical and circular
patterns illustrated in Fig. 2 under the assumption of a opti-
cally and geometrically thin (dust) disk and discuss whether
such a difference is measurable in the HL Tau ALMA Band
3 data.
For the circular pattern, the polarization angle θcir at
any point in the sky plane is simply the azimuthal angle
of that point in the sky plane θsky rotated by 90
◦, i.e. the
polarization is always perpendicular to the radial direction
in the sky plane, namely
θcir = θsky +
pi
2
. (1)
For the elliptical pattern, the polarization angle θell at
a given point depends on the shape of the ellipse, which in
turn is controlled by the inclination of the disk i (i = 0 for
face-on view). It is related to the azimuthal angle θsky of that
point (measured relative to the major axis of the projected
disk or ellipse) through
tan(θell) = − cos
2(i)
tan(θsky)
. (2)
Fig. 3 shows the polarization angle, which ranges from
0o to 180o, as a function of azimuthal angle in the sky plane,
for the case of a 45o inclined disk (similar to HL Tau disk).
The top panel shows the expected orientation for both cir-
cular pattern (solid line) and elliptical pattern (dashed line).
The bottom panel shows the difference in polarization angle
between two patterns. We can see that the difference can be
as large as ∼ 20◦. This difference should be distinguishable
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Figure 3. Top panel: expected polarization angle for circular
(θcir; solid line) and elliptical (θell; dashed) pattern as a function
of the azimuthal angle θsky in the sky plane for a disk inclined by
45◦ to the line of sight. Bottom panel: the difference in polariza-
tion orientations between the two patterns, which can be as large
as ∼ 20◦ for this disk inclination.
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Figure 4. The difference in polarization angle between the circu-
lar and elliptical patterns as a function of the azimuthal angle in
the sky plane θsky between 0
◦ (major axis) and 90◦ (minor axis),
for disks inclined by different angles (i = 0◦ for face-on view).
The difference is larger for a more inclined disk.
with the current data over most of the region of interest.
For example, near the peak of the polarized intensity at the
HL Tau Band 3, the signal-to-noise ratio was reported to be
21 σ (Kataoka et al. 2017), which roughly corresponds to an
error of 2◦ in polarization angle.
Fig. 4 shows the difference in polarization angle between
the two polarization patterns for different disk inclination
angles. These two patterns are the same for face-on disks
(i = 0◦), as expected. Their difference increases as the disk
becomes more inclined to the line of sight, reaching 90◦ near
the major axis (where the azimuthal angle measured from
the major axis, θsky, approaches 0
◦) for an edge-on disk.
For a given inclination angle i (that is not exactly 90◦),
MNRAS 000, 1–12 (2018)
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Figure 5. Large difference in polarization orientation between
the elliptical (upper panel) and circular (lower) pattern for a
nearly edge-on disk (with an inclination angle i = 85◦). Such
disks are ideal for distinguishing the two patterns.
the difference vanishes on the major (θsky = 0
◦) and minor
(θsky = 0
◦) axis, and peaks at a location in the sky plane
that is closer to the major axis than the minor axis. Fig. 5
illustrates pictorially the nearly edge-on case of i = 85◦,
where the polarization orientations in the elliptical and cir-
cular patterns are almost orthogonal over most of the (nar-
row, projected) disk. It is in such cases that the difference
between the two patterns is most easily distinguishable4
The difference in polarization orientation between the
elliptical and circular patterns translates to a difference in
polarization orientation in unresolved disks. This difference
is best illustrated by the nearly edge-on case (see Fig. 5),
where most of the polarization vectors are roughly parallel
to the major axis (or the narrow, projected disk) for the el-
liptical pattern (yielding an averaged polarization along the
major axis), but largely perpendicular to it for the circular
pattern (yielding an averaged polarization along the minor
axis). This difference persists for more moderately inclined
disks as well.
To illustrate the difference in averaged polarization
more quantitatively, we will consider the simplest case where
the polarization intensity and fraction are spatially uniform
across the disk in the sky plane. The disk-averaged polar-
ization fraction for the circular pattern becomes
p¯cir = −p0 1− cos(i)
1 + cos(i)
(3)
where the subscript “cir” denotes “circular pattern” rather
than “circular polarization,” p0 is the polarization fraction
at each point before average, i is the disk inclination angle
(i = 0◦ for face-on), and p¯ < 0 means polarization along
minor axis of the projected disk. Similarly, the disk-averaged
polarization fraction for the elliptical pattern is:
p¯ell = p0
1− cos(i)
1 + cos(i)
(4)
which is positive, and thus along the major (rather than the
minor) axis. The opposite sign in the averaged polarization
fraction is a generic difference that can in principle be used
4 Edge-on disks are often optically thick, which could complicate
the interpretation of the observed polarization pattern (e.g., Yang
et al. 2017).
to distinguish the two patterns. In this particular example,
the magnitude of the averaged polarization fraction is the
same for the two patterns. This is not true in general, espe-
cially when the expected azimuthal variation of the polar-
ization fraction is taken into account (see section 3 below).
Nonetheless, Eqs. (3) and (4) reveal an interesting point.
Even though the elliptical and circular polarization patterns
have a high degree of symmetry, their disk-averaged polar-
ization fraction p¯ is reduced from the intrinsic value p0 but
does not vanish completely in an inclined disk. The reduction
factor depends on the disk inclination angle i and the spa-
tial distribution of the polarization intensity. In the simplest
case of spatially constant polarization considered above, we
have p¯ = (
√
2− 1)/(√2 + 1)p0 ≈ 0.172 p0 for i = 45◦. It in-
creases with the inclination angle, approaching the intrinsic
value p0 in the limit of an edge-on disk.
3 AZIMUTHAL VARIATION OF
POLARIZATION DEGREE
Besides the polarization orientation, the spatial varia-
tion of polarization fraction, especially in the azimuthal di-
rection, is also an important discriminant between different
polarization mechanisms. In this section, we will concentrate
on the azimuthal variation of the polarization fraction ex-
pected from radiative alignment, and contrast it with those
from other mechanisms, especially aerodynamic alignment.
3.1 Polarization dependence on the inclination of
grain alignment axis to the line of sight
The polarization of the thermal emission from aligned
non-spherical dust grains depends on the ellipticity of the
grains as viewed by the observer in the sky plane. For grains
that are effectively “oblate” (or “disk-” or “flake-like” in the
extreme case), e.g., when the alignment axis is the short-
est axis of the grain (as true for magnetic and radiative
alignment), the polarization is maximized when the “disk”
is viewed edge-on, with its shortest (alignment) axis in the
sky plane. We will denote this maximum polarization frac-
tion by p0, and refer to it as the “intrinsic polarization.”
When the shortest (alignment, symmetry) axis of the effec-
tively oblate grain is inclined by an angle id to the line of
sight, the polarization fraction becomes
p(id) =
p0 sin
2(id)
1 + p0 cos2(id)
(5)
in the dipole regime appropriate for small grains (Lee &
Draine 1985; Yang et al. 2016b). Note that p(id = pi/2) = p0,
which recovers the intrinsic polarization fraction for grains
viewed edge-on. Since the maximum polarization is observed
to be of order 1− 10% on the disk scale, we have, to a good
approximation, p(id) ≈ p0 sin2(id).
For grains that are effectively “prolate” (or “needle-like”
in the extreme case), e.g., when the alignment axis is the
longest axis, as true for aerodynamic alignment, the polar-
ization is maximized when the longest (alignment) axis of
the “needle” is in the sky plane. We again denote this max-
imum or intrinsic polarization fraction by p0. In the more
MNRAS 000, 1–12 (2018)
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general case, we have
p(id) =
p0 sin
2(id)
1− p0 cos2(id) (6)
where id is the inclination angle of the longest (alignment,
symmetry) axis of the grain to the line of sight. The equa-
tion is again derived under the dipole approximation (Lee &
Draine 1985).
3.2 Azimuthal variation of polarization degree in
inclined disks
Given the above analytical expressions, we can now
quantify the azimuthal variation of the polarization degree
for aligned grains in inclined disks. We will consider differ-
ent alignment mechanisms, including magnetic, radiative,
and aerodynamic alignment. Note that we only consider the
most simplistic and final alignment state of the dust grains,
which are expected to fall into one of these three scenarios
(see Fig. 6 for a chart summary). RATs predict alignment
with a magnetic field in the presence of a strong magnetic
field, which is the toroidal magnetic alignment considered
here.5 In the absence of a magnetic field, RATs produce
grains aligned with radial radiation flux, which is the ra-
diative alignment here. The Gold mechanism produces the
alignment of the long axes of the grains in the azimuthal di-
rection, which is the aerodynamic alignment case considered
here. A newly developed Mechanical Alignment Torques the-
ory (MATs)(Lazarian & Hoang 2007b; Hoang et al. 2018)
also predicts magnetic alignment in the presence of a strong
magnetic field. In the absence of a magnetic field, MATs may
cause dust grains to align with short axis along the drifting
direction between gas and grains. Here we assumed purely
a toroidal drifting velocity and thus the alignment axis in
this case is the same as a toroidal magnetic alignment. More
complicated flow directions will indeed generate more com-
plex polarization features (e.g., Kataoka et al. 2018, submit-
ted). It is also plausible that multiple mechanisms can act
together to produce polarization patterns that are signifi-
cantly different from the three basic patterns considered in
this paper, although special conditions may be required for
this to happen over most of the disk. The results are shown
in Fig. 7, which plots the polarization degree as a function of
the azimuthal angle in the sky plane measured from the ma-
jor axis for all three cases, assuming a maximum or intrinsic
polarization fraction of p0 = 2% for illustration purposes.
For the magnetic alignment case shown in Figure 7 (dot-
ted line), we assume a pure toroidal magnetic field. As dis-
cussed earlier, grains with their shortest axes aligned with
the magnetic field are effectively oblate, or “disk-like” in the
extreme case. In the simplest case of a face-on circumstel-
lar disk, the effectively oblate grains are viewed “edge-on”
everywhere, with the grain alignment (symmetry) axis per-
pendicular to the line of sight, yielding the maximum po-
larization. In an inclined disk, the grains on the minor axis
5 We should note that a disk magnetic field of tens of mG in
strength may not be strong enough to align large millimeter-sized
grains efficiently unless the number of iron atoms per ferromag-
netic cluster envisioned in Jones & Spitzer (1967), i.e., the quan-
tity Ncl in equation (1) of Hoang (2017)), is large enough in the
grains (see also Hoang & Lazarian 2016).
Radiative Alignment 
Torques (RATs)
Mechanical Alignment 
Torques (MATs)
Aerodynamic Alignment 
(Gold Mechanism)
Toroidal Alignment, 
short axis 
(Magnetic Alignment)
Radial Alignment, 
short axis 
(Radiative Alignment)
Toroidal Alignment, 
long axis 
(Aerodynamic Align.)
Weak or no B field
Strong B field
With or  
without B field
Figure 6. The most simplistic and final alignment state of the
dust grains for various alignment mechanisms. See text for more
information.
remain “edge-on” to the line of sight, but those on the ma-
jor axis are viewed by the observer more “face-on” and thus
rounder, yielding a lower polarization degree. Indeed, the
polarization degree on the major axis is simply given by
equation (5) with the angle id between the grain alignment
axis and the line of sight given by id = 90
◦− i, where i is the
disk inclination angle. For the representative case of i = 45◦
shown in Fig. 7 (blue dotted curve), we have p = 0.91% (for
the adopted p0 = 2%) on the major axis. The polarization
degrees at intermediate angles between the minor and major
axes can be computed using simple geometry (see also Cho
& Lazarian 2007, Yang et al. 2016b, Bertrang & Wolf 2017).
For the radiative alignment case shown in Figure 7
(dashed lines), we make the usual assumption that the radi-
ation flux is in the radial direction in the disk plane. Using
the same argument as above, it is easy to show that the ef-
fectively oblate grains on the major axis remain “edge-on” to
the line of sight in an inclined disk (and thus emit maximally
polarized light), while those on the minor axis are viewed
more “face-on” and thus appear rounder to the observer,
yielding a lower polarization degree, given by equation (6)
with id = 90
◦ − i.
For the aerodynamic alignment case shown in the fig-
ure (solid lines), we assume that the grains have their longest
axes aligned with the azimuthal direction in the disk plane.
As discussed earlier, such grains are effectively prolate or
“needle-like.” On the minor axis of an inclined disk, the
aligned grains always have their longest (alignment, sym-
metry) axes in the sky plane, yielding maximum polariza-
tion. Those on the major axis, on the other hand, have their
longest (symmetry) axes inclined by an angle id = 90
◦ − i
(where i is the disk inclination angle) to the line of sight, and
thus appear less elongated (i.e., rounder) to the observer,
yielding a lower polarization, given by equation (6). For the
representative case of i = 45◦ shown in Fig. 7 (blue solid
line), the polarization degree on the major axis is p = 1.1%
(for the adopted p0 = 2%), which is comparable to, but
slightly larger than, that on the major axis for the magnet-
ically aligned grains. Mathematically, the difference comes
from the fact that the minus sign in the denominator of equa-
tion (6) is replaced by a plus sign in equation (5). Physically,
it is due to the difference in the effective shape of the aligned
grains (oblate for magnetic alignment vs prolate for aerody-
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Figure 7. Polarization degree as a function of the azimuthal
angle in the sky plane θsky for different alignment mechanisms
and different inclination angles. The polarization degrees from
the magnetic alignment (dotted line) and aerodynamic alignment
(solid) have a similar angular dependence, both peaking on the
minor axis (θsky = 90
◦). This is opposite to that of the radiative
alignment (dashed), which peaks on the major axis (θsky = 0
◦)
instead. Different inclination angles are represented by different
colors. Note that the polarization degree on the minor axis de-
creases monotonically with increasing inclination angle for the
case of radiative alignment (dashed lines), vanishing completely
in the edge-on case with i = 90◦.
namic alignment). Nevertheless, the azimuthal variations of
the polarization degree for these two cases are very similar,
both decreasing monotonically from the minor axis to the
major axis. This trend is opposite to the case of radiative
alignment, where the alignment axis is along the radial di-
rection in the disk plane, rather than the azimuthal direction
(as in the other two cases).
The difference in azimuthal variation of the polarization
degree between the case of radiative alignment and those of
magnetic and aerodynamic alignment increases with the in-
clination angle. To illustrate this difference more pictorially,
we plot in Fig. 8 the polarization pattern in a nearly edge-
on disk with i = 85◦, with the polarization degree propor-
tional to the length of the line segments. This figure drives
home the point that edge-on disks are ideal for distinguish-
ing the different polarization mechanisms, from not only the
polarization orientation (see also Fig. 5 above) but also the
azimuthal variation in polarization degree.
Note, in particular, the low polarization fraction near
the disk center for the radiative alignment case in the nearly
edge-on disk. The physical reason for this interesting behav-
ior is that the grains near the center are aligned with ra-
diative flux that is close to the line of sight, which makes
the effectively oblate grains appear almost circular in the
sky plane, yielding little polarization. This robust feature is
especially useful for distinguishing the radiative alignment
from other mechanisms, as discussed in Lee et al. (2018) and
Harris et al. (in press).
Figure 8. Large difference in not only polarization orientation
but also azimuthal variation of polarization degree between the
aerodynamic (upper panel) and radiative (lower) alignment for
a nearly edge-on disk (with an inclination angle i = 85◦). Such
disks are ideally suited for distinguishing the two alignment mech-
anisms.
4 HL TAU BAND 3 POLARIZATION
4.1 The model
Of the three grain alignment mechanisms discussed in
the last section, magnetic alignment is the least likely pos-
sibility for producing the Band 3 polarization observed in
HL Tau disk (and shown in Fig. 1a) because it predicts a
polarization orientation perpendicular, rather than parallel,
to the elliptical contours of iso-intensity. For the radiative
alignment, we have already pointed out one of its poten-
tial problems: it predicts a circular, rather than elliptical
(Fig. 2), polarization pattern that appears different from
the observed pattern. The aerodynamic alignment mecha-
nism may do better at matching the observed polarization
pattern, but it predicts an azimuthal variation of the polar-
ization degree (see Fig. 7) that is not obvious in the data.
The same problem is expected for the case of radiative align-
ment. In this section, we quantify the differences between the
data and the model predictions based on the radiative and
aerodynamic alignment, taking into account of the finite res-
olution of the ALMA observations, which is important for
properly comparing the data and models because of beam
smearing of both the polarization orientation and intensity
distribution.
For the polarization orientation, we adopt the circular
pattern for the radiative alignment model and the elliptical
pattern for the aerodynamic alignment model. For the radial
variation of the polarized intensity, we use the much higher
resolution (0′′· 0853×0′′· 0611) ALMA Band 3 continuum data
from ALMA Partnership et al. (2015) as the Stokes I model,
and assume a maximum (or intrinsic) polarization degree
of p0 = 2%, comparable to the maximum observed value.
The azimuthal variation of the polarization degree is then
computed based on equations (5) and (6) for a disk inclina-
tion angle of i = 46.72◦ (ALMA Partnership et al. 2015), as
done in the last section. The results without telescope beam
convolution (discussed in more detail below in Sec. 4.2) are
shown in Fig. 9. We can clearly see the differences between
these two models. On the one hand, the polarization from
radiatively aligned grains forms a circular pattern, whereas
the aerodynamic alignment produces an elliptical pattern.
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Figure 9. The modeled polarization without telescope beam convolution. The color map represents the polarized intensity (with arbitrary
units). The vectors with uniform length show the orientation of the polarization. The differences between these two mechanisms are clear.
Radiative alignment produces a circular polarization pattern with a stronger polarization along the major axis. Aerodynamic alignment
produces an elliptical polarization pattern with a stronger polarization along the minor axis.
These two orientations are the same along the major and
minor axes, and the difference becomes bigger at intermedi-
ate azimuthal angles. On the other hand, polarized intensity
is concentrated along the major axis for radiative alignment,
which is the opposite to that for aerodynamic alignment.
4.2 Neither radiative nor aerodynamic alignment
The models in Fig. 9, generated from the ALMA Band
3 long-baseline observation of unpolarized continuum emis-
sion of ALMA Partnership et al. (2015), have a much higher
spatial resolution than Band 3 polarization observation by
Kataoka et al. (2017). To compare with real data, a tele-
scope beam convolution is needed. We convolve the mod-
eled Stokes I, Q, U map separately with the beam used for
the Band 3 polarization observation (0′′· 445 × 0′′· 294). The
results are shown in Figs. 10 and 11.
Fig. 10 shows the difference in polarization orientation
between the Band 3 data and the model predictions at all
locations on the disk where the polarization is detected at
at least 5σ level. As expected, the aerodynamic alignment
model reproduces the observed polarization orientations bet-
ter, with the distribution of the angle difference centered
around 0◦. The relatively large dispersion around 0◦ comes
from beam smearing coupled with significant azimuthal vari-
ation of the polarized intensity (see discussion in the last
section and Fig. 11 below). In contrast, the angle difference
between the data and the radiative alignment model has a
bimodal distribution, peaking at two angles that are close
to the maximum values (±19.5◦) expected between the el-
liptical and circular pattern for an inclination angle i = 45◦
(see Fig. 3, lower panel). This is additional evidence that
0
50
100
150
Aerodynamic alignment
−80 −60 −40 −20 0 20 40 60 80
Angle difference (degree)
0
50
100
150
Radiative alignment
Figure 10. Histogram of the difference in polarization orientation
between the ALMA Band 3 data and the models based on the
aerodynamic (upper panel) and radiative (lower) alignment. The
two dashed vertical lines are at ±19.5◦, the maximum difference
expected between the circular and elliptical polarization pattern
for an inclined disk of i = 45◦, as shown in Fig. 3.
the polarization pattern observed in ALMA Band 3 is closer
to elliptical than circular and that the radiative alignment
model is disfavored based on the polarization orientation.
Fig. 11 compares the 3 mm observations to the expected
morphologies of polarized intensity for radiative alignment
and aeroydynamic alignment. Both models poorly fit the
observations. The radiative alignment model produces more
MNRAS 000, 1–12 (2018)
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Figure 11. Comparison between the ALMA Band 3 data (left panel) and the models based on radiative (middle) and aerodynamic
(right) alignment. The colormap shows the polarized flux, in mJy/beam, and the contours are for Stokes I, corresponding to (10, 20,
40, 80, 160, 320, 640, 1280, 2560)× the rms of 9.6µJy. The line segments denote the polarization orientations. They are plotted only in
regions with polarized intensity above 34.5µJy/beam, which corresponds to 5σ noise level in Kataoka et al. (2017). The ellipse at the
lower corner represents the interferometric beam.
polarization at locations along the major axis than along
the minor axis, and the opposite is true for the aerodynamic
alignment model. The modeled patterns are in line with the
expectations discussed in the last section based on the vari-
ation of the inclination of the grain alignment (symmetry)
axis to the line of sight at different locations on the disk.
Specifically, the higher polarization at locations along the
major axis in the case of radiative alignment is because the
effectively oblate grains there are viewed edge-on; those on
the minor axis are viewed more face-on and thus appear
rounder to the observer, yielding a lower polarization. In
contrast, the effectively prolate grains in the case of aerody-
namic alignment are viewed edge-on at locations along the
minor axis (yieling maximum polarization) and more pole-
on (and thus appear rounder) at locations along the major
axis (yielding a lower polarization). Beam averaging modifies
the patterns somewhat, but not fundamentally. In particu-
lar, it does not average out the polarization near the center
because the polarization degree varies substantially in the
azimuthal direction in both models, which contradicts the
observation that shows a low-polarization “hole” near the
center (see Fig. 1a). The strong discrepancy between the
data and the models suggests that, by itself, neither radia-
tive nor aerodynamic alignment explains well the observed
data. In the next section, we will speculate on whether more
complex models can explain the data better.
4.3 More complex models: scattering by
aerodynamically aligned grains?
In the previous section (§ 4), we have shown that the
aerodynamic alignment model can explain the orientation of
the polarization observed in HL Tau at Band 3 reasonably
well (see Fig. 10, top panel). However, it predicts a strong
polarization parallel to the major axis at the center despite
beam smearing and a lack of polarization at locations along
the major axis, neither of which is observed. These two prob-
lems have the same origin: the decrease of polarization de-
gree going from the minor axis to the major axis (see Fig. 7).
In order to make the model agree better with the data, one
needs to find a way to increase the polarization degree for
locations on the major axis relative to those on the minor
axis without changing the polarization orientation. One nat-
ural way to meet this requirement, at least qualitatively, is
through scattering.
Previous studies have established that scattering in the
Rayleigh limit produces a stronger polarization at locations
on the major axis of an inclined disk than those on the mi-
nor axis (Yang et al. 2016a, see their Fig. 2; Kataoka et al.
2016). Although the details of this azimuthal variation de-
pend on the properties of the incident radiation, especially
its anisotropy, it can be understood easily in the extreme
case where most of the incident radiation is emitted by the
brightest central region. In such a case, the incident radi-
ation moving radially outward would be scattered by the
grains located on the major axis by 90◦ into the line of sight
and thus be maximally polarized, but by an angle 90◦ ± i
(where i is the disk inclination angle) by the grains located
on the minor axis in the disk plane, yielding a lower po-
larization. This tendency is broadly similar to that of the
radiative alignment case, and the opposite of that of the
aerodynamic alignment case. It is therefore reasonable to
expect that when both direct emission and scattering by
aerodynamically aligned grains are taken into account, the
opposite tendencies for the polarization produced by direc-
tion emission and scattering should cancel each other at least
to some extent, making the combined polarization less de-
pendent on the azimuthal angle than that produced by direct
emission alone.
Whether the expected reduction in the degree of az-
imuthal variation of the polarization intensity can reproduce
the observed data quantitatively remains to be determined.
A self-consistent computation of the polarization from both
direct emission and scattering by aerodynamically aligned
grains is beyond the scope of this work. As an illustration of
the basic principles, we carry out two numerical experiments.
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First, we reconsider the aerodynamic alignment model dis-
cussed in the last section, but with the azimuthal variation
of the polarized intensity removed. We also normalize the
polarization intensity so that the maximum value is close
to the maximum observed value. The results are shown in
Fig. 12a,c. Compared to the unmodified aerodynamic align-
ment model of the last section, the beam-convolved polar-
ization orientations agree with the observed values some-
what better (compare Fig.12c to Fig.11a), although there
is still a substantial spread in their difference around 0◦.
Even though the polarized intensity is set to be azimuthally
uniform intrinsically, it has pronounced azimuthal variation
after beam-convolution. Specifically, there are two low po-
larization “holes” located near the major axis (one on each
side of the center). These are the regions where the polariza-
tion orientations in the intrinsically elliptical pattern change
rapidly from one location to another. As a result, their po-
larized intensity is lowered more by beam-averaging com-
pared to, e.g., the regions near the minor axis where the
polarization orientations are more spatially uniform. This
example demonstrates clearly the strong interplay between
the spatial distribution of polarized intensity and the spa-
tial variation of polarization orientation in the presence of
significant beam-averaging; the effects of beam-convolution
need to be evaluated carefully when comparing models and
observations.
To better match the observed 3 mm polarization pat-
tern, the aerodynamic model would require an intrinsic po-
larization that is higher along the major axis than along the
minor axis. As an illustration, we adopt the azimuthal vari-
ation for the radiative alignment model for an inclination
angle i = 45◦ (shown in Fig. 7 as blue dashed line), where
the polarization degree is about a factor of 2 higher on the
major axis than on the minor axis. The results are shown
Fig. 12b,d. We have again normalized the maximum polar-
ized intensity to the observed maximum value. Compared to
the modified model with an intrinsically uniform azimuthal
distribution of polarized intensity, there is a drastic improve-
ment in the agreement between the modeled polarization
orientations and the observed ones (compare Fig. 12b to
Fig. 12a). The spatial distribution of polarized intensity also
agrees better with observation, although a nearly vertical
region of relatively high polarized intensity remains promi-
nent near the center; it is barely visible in the data. The
polarization near the center could in principle be reduced
by a higher optical depth there, although the optical depth
effects remain to be quantified.
In any case, we have demonstrated that a combination
of an intrinsic elliptical polarization pattern and an intrinsic
azimuthal variation of polarization intensity that favors the
major axis over the minor axis improves the model fit to the
observed data in ALMA Band 3. Whether this combination
can be achieved by direct emission and scattering by aerody-
namically aligned grains or some other physical mechanisms
remains to be determined.
4.4 Polarization spectrum: a potential problem
for aligned grains?
We have argued that it is difficult for the radiative align-
ment to explain the polarization observed in the HL Tau disk
in ALMA Band 3 because it predicts a circular polarization
pattern and substantial azimuthal variation of polarized in-
tensity that are not observed. Another potential difficulty is
that radiatively aligned grains are expected to at least con-
tribute to, if not dominate, the polarization in other ALMA
bands, especially Band 7 (see Fig. 1b). If we assume a con-
stant alignment efficiency and a single dust species, the po-
larization fraction changes little with wavelength, as long as
the dielectric constants of the grains are well behaved, which
is generally the case in the (sub)millimeter regime (Draine &
Lee 1984; Kataoka et al. 2014). If this is true, it would con-
tradict the ALMA Band 7 polarization data on the HL Tau
disk: the ∼ 1.8% polarization detected in Band 3 (Kataoka
et al. 2017) is well above the ∼ 0.6% polarization detected
in Band 7 and has a completely different pattern (Stephens
et al. 2017); the Band 7 polarization pattern is a textbook
example of scattering-induced polarization in an inclined
disk (Yang et al. 2016a; Kataoka et al. 2016). The apparent
lack of contamination from aligned grains in Band 7 posts
a challenge to not only the radiative alignment mechanism
but also aligned grain interpretation in general, including
aerodynamically aligned grains. For aligned grain models to
be compatible with the existing multi-wavelength data in
HL Tau, their polarization fraction has to drop by at least a
factor of 3 going from ALMA Band 3 (∼ 3 mm) to Band 7
(∼ 0.87 mm). A drop of polarization fraction with decreas-
ing wavelength was predicted by Draine & Fraisse (2009)
in (sub)millimeter (see the right panel of their Fig. 8) for
models with aligned silicate but not carbon grains. Whether
these or other models can explain the required drop quanti-
tatively remains to be determined.
5 SUMMARY AND CONCLUSIONS
In this paper, we have discussed the polarization ex-
pected from different grain alignment mechanisms, espe-
cially the radiative and aerodynamic alignment and com-
pared the model predictions with the HL Tau ALMA Band
3 data. The main results are:
(i) Unlike generally assumed previously, the polarization
pattern from radiative alignment is circular (as in the opti-
cal polarization of reflection nebulae) rather than elliptical
for an axisymmetric disk. The circular polarization expected
of radiative alignment is not consistent with the pattern ob-
served in the HL Tau disk in ALMA Band 3 (∼ 3 mm), as
shown in Fig. 10b.
(ii) An intrinsically elliptical pattern can be produced if
the grains are aligned aerodynamically by the relative mo-
tions between the dust and gas in the azimuthal direction
in the disk plane. The polarization orientations from the
elliptical pattern are in better agreement with the Band
3 data, although a significant scatter remains because of
beam-averaging in the simplest case where the polarization
intensity does not have any intrinsic azimuthal variation (see
Fig. 12a).
(iii) Strong intrinsic azimuthal variation is expected in
an inclined disk for all grain alignment models, as shown in
Fig. 7. In particular, the polarization is higher at locations
on the minor axis for both the magnetic and aerodynamic
alignment than those on the minor axis, and the opposite
is true for the radiative alignment. The differences in both
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Figure 12. Two intrinsically elliptical polarization models with different azimuthal variations. The left column assumes uniform azimuthal
polarization fraction, whereas the right column has polarization peaking at major axis, in the same way as the radiative alignment model.
The upper panels show the histogram of the difference in polarization orientation with data for the two models, and the lower panel
show the simulated polarization observation.
the polarization orientation and azimuthal variation of po-
larized intensity increase with the disk inclination angle to
the line of sight, making edge-on disks ideally suited for dis-
tinguishing the different alignment mechanisms.
(iv) The strong azimuthal variation in polarized intensity
expected in the radiative and aerodynamic alignment is not
observed in the ALMA Band 3 polarization data of the HL
Tau disk (see Fig. 11), which is evidence against interpreting
the data using either of these two mechanisms alone. Sim-
ilar difficulties exist for grains aligned through mechanical
alignment torques (MATs).
(v) We showed that beam-averaging introduces a strong
coupling between the polarization orientation and azimuthal
variation of the polarized intensity that needs to be ac-
counted for when comparing models and data. In particular,
a polarization pattern that is intrinsically elliptical without
any intrinsic azimuthal variation in polarized intensity shows
a pronounced azimuthal variation when beam-averaged (see
Fig. 12c). To reduce the azimuthal variation after beam-
averaging (for a better match to observation), an intrinsic
azimuthal variation with higher polarization along the ma-
jor axis than along the minor axis is needed (see Fig. 12b,d).
Such an intrinsic variation is qualitatively expected of the
polarization produced by dust scattering in an inclined disk.
Whether a combination of both direct emission and scat-
tering by aligned grains in general, and aerodynamically
aligned grains in particular, can explain the ALMA Band
3 data remains to be determined.
(vi) We note that the polarization fraction detected in the
HL Tau disk is significantly higher in Band 3 than Band 7
(by a factor of ∼ 3 typically). Any grain alignment-based
mechanism for explaining the Band 3 data will need to ad-
dress the question of why the Band 7 data appears to be con-
sistent with pure scattering, with little contamination from
emission by aligned grains, which are expected to produce a
polarization fraction that varies little with wavelength in the
simplest dipole or electrostatic regime. More work is needed
to resolve this potentially serious discrepancy.
We conclude that although the origin of the HL Tau
disk polarization in ALMA Band 3 remains a mystery, the
flood of ALMA data and relatively early stage of theoretical
development should make the field of disk polarization an
exciting area of research that is poised for rapid growth.
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